A bulb is a whole plant condensed into an underground organ. A geophyte's bulb comprises both food reserves and important developmental history that may affect its whole growth. In Easter lily (Lilium longiflorum), bulb size is associated with the plant's flowering pathway -vernalization or photoperiod -and also affects sprouting, flower quality and abortion rate. The aim of this study was to investigate the reasons for the major physiological differences between large and small bulbs. Lily bulbs start their development from secondary meristems along the stem, with large bulbs being heavier and bear more scales than small ones. Peeling the outer scales of a large bulb converts its physiological responses into those of a small bulb, implying that the physiological discrepancies in plants developing from large or small bulbs are mediated by factors inherent to the bulb. We therefore performed broad analyses of the metabolite composition in the scales of bulbs subjected to temperature regimes affecting further plant development. We found a striking association between the level of glycerol, a primary metabolite mostly synthesized in the outer scales, and a delay in sprouting and flowering time, and reduction in abortion rate. Exogenous glycerol application to the bulbs before planting corroborated these results. Moreover, transcriptome analyses showed that flowering-promoting gene expression was downregulated in the bulb after glycerol treatment, while potential flowering inhibitor as well as a dormancy-related gene expressions were upregulated. Based on these studies, we postulate that glycerol is a major factor influencing both vegetative and reproductive development in lily.
INTRODUCTION
Lilium longiflorum, also known as the 'Easter lily' or just 'lily', is a geophyte from the Liliaceae family of the monocotyledonous subclass. It is one of the most important crops in floriculture, with millions of cut flowers and potted plants sold each season in both flower auctions and in stores (Grassotti and Gimelli, 2010; Kang et al., 2013; Yang et al., 2014) . Lily naturally blooms in May, however, the year-round demand for flowers has led farmers to manipulate flowering time by storing lily bulbs in the cold after harvest, thereby simulating winter conditions (Dole, 2003) .
The lily bulb develops from an axillary meristem along the stem of the mother plant. The common way of determining a bulb's size is by measuring its circumference. A circumference of at least 12 cm denotes 'large' bulbs, while less than 10 cm is considered 'small' (Lazare and Zaccai, 2016) . In the past, bulbs were also sorted according to their weight (Blaney and Roberts, 1965; Roberts and Tomasovic, 1974; Wang and Gregg, 1992) . The lily bulb is non-tunicated, and mainly constituted of fleshy scales, but also contains a basal plate from which new meristems are formed (Figure 1 ). Before sprouting, an apical meristem and several leaf primordia are found within the bulb (Miller, 1993; Suh et al., 2013) . The position of lily scales on the basal plate, i.e., inner, younger scales close to the apical bulb meristem or outer, older scales ( Figure 1 ) was shown to affect several important processes. These include bulblet differentiation and development following scale propagation (Matsuo and Arisumi, 1978; Park, 1994; Marinangeli et al., 2003) , ion leakage, and viability after long storage (Bonnier et al., 1994) and rest initiation (Wang and Roberts, 1970) . Removal of several outer scales of coldtreated L. longiflorum bulbs hastened sprouting after planting, but inhibited leaves and flowers formation and development (Lin and Roberts, 1970) . Certain studies refer to outer and inner scales as 'mother' and 'daughter' scales, respectively (Lin and Roberts, 1970; Roh and Wilkins, 1977; Suh et al., 2013) ; however, we prefer using a positional description, to avoid confusion with bulblets.
Environment-induced flowering is an inherent feature of the life cycle of flowering plants, the most established contributory factors within this important process are day length, temperature and stress (Thomas and Vince-Prue, 1996; Bernier and P erilleux, 2005; Takeno, 2016; Bouch e et al., 2017) . Endogenous hormones are also known to affect floral transition (Kinet, 1993; Jaeger et al., 2006; Eremina et al., 2016) . Natural chemically induced flowering by primary metabolites has been reported but only scarcely investigated (Barth et al., 2006; Seo et al., 2011; Ionescu et al., 2016) . Biosynthesis of polyamines such as putrescine, spermine, and spermidine was found to be correlated with flowering induction of apple (Wang and Faust, 1994) , Gentiana triflora (Imamura et al., 2015) and Arabidopsis (Tassoni et al., 2000) . Carbohydrates were also identified as players in the floral induction of citrus (Goldschmidt et al., 1985) , Sinapis alba , Phalaenopsis (Chen et al., 1994) , and Arabidopsis Corbesier et al., 1998) .
Vernalization is an environmental inductive signal, defined as 'the acquisition or acceleration of the ability to flower by a chilling treatment' (Chouard, 1960) and represents a major flowering cue in a diverse range of plants (Kim et al., 2009) , including cereals (Trevaskis et al., 2007) and Arabidopsis (Yuan et al., 2016) . De-vernalization refers to the delay or even inhibition of flowering due to exposition of plants to high temperature following vernalization. This phenomenon was previously reported in Arabidopsis (Bouch e et al., 2015) , chicory (P erilleux et al., 2013) , wheat (McMaster et al., 2008; Ottman et al., 2013) , lily (Lee et al., 2010) , and a range of other species. By contrast, anti-vernalization denotes the deviation of the plant response to cold exposure due to high temperatures taking place before vernalization. This occurrence was mainly reported in Chinese cabbage (Li et al., 2010) , but also in other members of Brassicaceae family (Wiebe, 1993; Dahanayake and Galwey, 1998) , Apium graveolens (Kolota et al., 1997) , and lily (Miller, 1993) .
Vernalization was considered obligatory in L. longiflorum (Kamenetsky et al., 2012) , and natural variation for this trait has been reported among wild populations in Japan (Mojtahedi et al., 2013) . The spectrum of temperatures activating the vernalization effect in lilies is wide (2-15°C), depending on populations and cultivars (Lee et al., 2007) . The lily plant can perceive the vernalization signal either as a bulb or as a vegetative plant with developed stem and leaves (Roh and Wilkins, 1977; Miller, 1993) . The duration of cold exposure is inversely and quantitatively correlated with flowering time, stem length, leaf, and flower number (Dole and Wilkins, 1994; Holcomb and Berghage, 2001; Lugassi-Ben Hamo et al., 2015) . Breaking the accepted concept of obligatory requirement for vernalization in L. longiflorum, we showed that small, noncooled lily bulbs could flower under long-day (LD) conditions (Lazare and Zaccai, 2016) , while large ones required vernalization. These findings indicated that small bulbs can use two different flowering pathways -either vernalization or photoperiod, however the mechanism regulating flowering pathways of small and large lily bulbs is still unknown.
Photoperiod is a primary flowering inductive signal (Imaizumi and Kay, 2006) , affecting many plant species including trees (H€ anninen and Tanino, 2011; Basler and K€ orner, 2014) , shrubs (Foley et al., 2009; Koskela et al., 2012) , cereals (Turner et al., 2005; Shitsukawa et al., 2007; Lazakis et al., 2011) , and annuals (Michaels et al., 2005; Craufurd and Wheeler, 2009 ). The photoperiod flowering pathway was also reported in many geophytes (Kamenetsky et al., 2012; Khodorova and Boitel-Conti, 2013) , including Allium sativum (Mathew et al., 2011) , Narcissus tazzetta (Noy-Porat et al., 2009), and Lilium formolongi (Li et al., 2017) .
Metabolome analyses are carried out to better elucidate important plant developmental mechanisms such as germination, sprouting, organ differentiation, flowering, or seed set (Kopka et al., 2005; Schauer and Fernie, 2006; Luo, 2015) . In geophytes, metabolic profiling of bulb scales has been performed: (1) in Narcissus to study the effect of fertilizers on alkaloid levels (Lubbe et al., 2011) ; (2) in tulip to characterize the scale's cell sap (Gholipour et al., 2013) ; (3) in Pancratium to determine phenolic compounds (Rokbeni et al., 2016) ; and (4) in Lilium to investigate metabolic changes during cold exposure (Lazare et al., 2017) . Carbohydrates are the main storage reserves in bulb scales, but specific carbohydrate molecules differ between species (Ranwala and Miller, 2008) . The major carbohydrates in lily bulbs are starch and glucomannan (Tomoda et al., 1975; Ranwala and Miller, 2008) , which are broken down after cold exposure into monosaccharides, and subsequently used to fuel the sprouting process.
Transcriptome analyses have been performed in several Lilium species, to explore the effect of cold exposure (Wang et al., 2014b; Villacorta-Martin et al., 2015) , carbohydrate metabolism (Li et al., 2014) , stress (Wang et al., 2014a) , and dormancy release (Wang et al., 2018) . To the best of our knowledge, no transcriptome analysis was ever performed in the context of bulb size.
The present study was motivated by our previous study in which we demonstrated that bulb size affected the flowering pathway in lily Lazare and Zaccai, 2016 . Aiming to expose possible reasons for this intriguing phenomenon, we performed a series of experiments. A non-targeted metabolomic approach was used to detect variations in the metabolite profiles of differently sized bulbs under several temperature regimes, as well as in outer and inner scales. These analyses pointed at a single metabolite, glycerol, whose pattern of accumulation was associated with the various differential developmental features observed between small and large bulbs. The next step was functional experiments involving the exogenous application of glycerol, which validated its specific effect on plant development and flowering. Finally, RNA sequencing allowed a wider view of the molecular events following glycerol application.
RESULTS
Size-dependent characteristics of the lily bulb's developmenÀ-sprouting, stem elongation, and transition to reproductive stage Bulbs with larger circumferences weigh more than smaller ones ( Figure S1a ) and have significantly more scales (Figure S1b) . The proportion between weight and scale quantity, expressed by the average weight of a single scale, is similar in size 8 and size 10 bulbs, but in larger bulbs a single scale is gradually heavier ( Figure S1c ).
Large and small bulbs differ also by their age: a large bulb is 'older' than a small bulb. Therefore, the first and critical question was to assess if only the bulb size could account for the observed developmental differences. This was addressed by removing scales from a large bulb, thereby converting it to an 'old small' bulb. Removal of outer scales from 16 cm bulbs, to produce bulbs of 12, 10, or 8 cm in circumference (Figure 1c ), or from 12 cm bulbs, to produce bulbs of 10 or 8 cm, resulted in flowering in the absence of a cold cue, under LD conditions (Figure 1d ).
Hence, scale-removed bulbs (hereafter SRBs) originating from large bulbs, basically behaved as small bulbs. Scale removal hastened sprouting and vegetative development in all bulb sizes, compared with their original circumference (Figure 2a,b) . The size 16 bulbs that were downscaled to size 12 sprouted and developed a stem significantly faster than the original size 12 bulbs, but sprouted slower than the size 10 and size 8 (Figure 2a, b) . The reproductive development of the SRBs, indicated here as the days to visible flower buds (VB) stage, was significantly slower than in the original small bulbs (Figure 2c ). Note that under no-cold exposure and LD conditions, bulbs of size 12 and size 16 remained vegetative and did not reach the VB stage (Figure 2c ).
De-vernalization. De-vernalization refers to the delay or inhibition of flowering as a result of exposure to high temperature following a cold treatment. We tested the effect of de-vernalization by storing the bulbs for 6 weeks at 4°C, followed by 2 weeks at 32°C, and noted a reduction in the sprouting percentage to 83% in size 12 bulbs, while the time from planting to sprouting almost doubled itself (Table 1 ). In size 16 bulbs, the sprouting percentage was reduced by 50% and sprouting was delayed by 150%. Devernalization also reduced the percentage of reproductive plants to 50% in size 12 bulbs and inhibited the floral transition completely in size 16 bulbs (Table 1) .
Bulb metabolite profiles
Once it was established that lily plant development was strictly affected by bulb size, including by scale removal (SRBs), the next step was to search within the bulbs for the factors involved in this process. This was performed by metabolite profiling of non-cooled lily bulbs of various sizes ( Figure S2 ). Several primary metabolites, most of them sugars (e.g., fructose, glucose and altrose) had higher values in large bulbs, compared with small ones. Others, mostly amino acids such as ornithine, serine, valine, and alanine, showed the opposite trend. Lipid distribution in non-cooled lily bulbs is presented in Figure S3 . Smallest bulbs displayed the highest levels of lipids from all classes, with the exception of phosphatidylinositol.
In a second step, we investigated the metabolite profiling of large and small bulbs exposed to 0 or 6 weeks at (a-c) Effect of bulb size on (a) days from planting to sprouting, (b) days from planting to 15 cm height above ground, (c) days to visible buds (VB). Scale removed bulbs (SRB) 16-12, 16-10, 16-8: bulbs originally with a circumference of 16 cm reduced to 12, 10 or 8 cm, respectively, by scale removal. SRB 12-10, 12-8: bulbs originally with a circumference of 12 cm reduced to 10 or 8 cm, respectively, by scale removal. The letters indicate significant differences (Tukey's test, P < 0.05). Bars represent standard deviation (n = 15).
4°C before planting. These analyses revealed that the profile of primary metabolites was significantly affected by both bulb size and by cold exposure. Table 2 displays the patterns of the metabolites which were significantly affected by at least one of the tested factors. Many sugars displayed higher levels in large bulbs in comparison with small ones, and some of these increased after exposure to cold. Conversely, the levels of several amino acids were significantly reduced in response to cold. Cold exposure affected similar (increase or decrease) metabolite levels in both large and small bulbs. Keeping in mind that, under LD conditions, non-cooled large bulbs do not flower, but cooled large bulbs as well as non-cooled small bulbs do flower, we specifically searched for metabolites that under no-cold conditions were higher in large bulbs compared with small ones and lower after cold exposure (Table 3 , yellow shading).
In a next step, we tested the effect of anti-vernalization and de-vernalization, i.e., bulb exposure to high temperature (32°C) before or after cold temperature treatment (4°C), processes known to delay or inhibit flowering, on metabolite profiles in the bulbs. Our rationale was that an increase in the level of a metabolite which behaved according to the pattern denoted by yellow shading (Table 2) , would reinforce its potentiality as a flowering inhibitor. The metabolite profiles of large bulbs exposed to 4 and/or 32°C is summarized in Table 3 . Only primary metabolites which were significantly affected by these treatments are shown. We noticed that glycerol was the only metabolite whose level: (1) was high in large, noncooled bulbs, but low in small, non-cooled ones; and (2) decreased when the bulbs were exposed to 4°C and increased at 32°C (Tables 2 and 3 ). Hence, we focused on this specific metabolite.
Metabolic analysis of outer and inner scales of lily bulbs revealed that glycerol's intensity was significantly highest in the outer scales of non-cooled large bulbs, compared with all other treatments in this experiment (Figure 3a) . It was also observed that cold exposure reduced glycerol's intensity to a level similar to those observed in either the inner scales of large non-cooled bulbs or the outer scales of small bulbs. By contrast, glycerol levels were invariably elevated following high-temperature treatments applied to the bulbs either before (anti-vernalization) or after (de-vernalization) cold exposure (Figure 3b ).
Taken together, results from Tables 2 and 3 and from Figure 3 revealed a remarkable correspondence between the glycerol level in the bulb on the one hand, and sprouting and flowering pattern on the other hand. Slower sprouting and flowering in large, non-cooled bulbs as well as following de-and anti-vernalization treatments were associated with higher glycerol levels. By contrast, the lower glycerol levels in small bulbs and following cold exposure were coupled with faster sprouting and flowering. Indeed, we detected high glycerol levels in all treatments delaying or abolishing sprouting and flowering. Hence, glycerol appears to be a suitable candidate metabolite underlying the differences in these parameters between large and small bulbs.
The effect of exogenous application of glycerol
On the basis of the above observations, we assumed that natural glycerol acts as an inhibitor in lily development. In order to test this hypothesis, we performed exogenous application of glycerol to the bulbs. Our next step was based on Koch's postulates, i.e., demonstrate that exogenous application of the putative inhibitor would induce the expected effects on the same organism. We first tested the effect of glycerol application on large bulbs before and after cold storage (4°C for 6 weeks). The bulbs were exposed to cold before planting to ensure sprouting and flowering. Dipping large lily bulbs in a 50% glycerol solution before cold storage (GL BC), significantly delayed sprouting (Figure 4a ), which was the first effect observed in plant development. This effect was not observed when glycerol was applied following cold storage (GL AC). In this experiment, some of the plants did not reach the flowering stage (this issue will be addressed later in Table 4 ) and Figure 4 (b-f) relate to reproductive plants only. Leaf number was unaffected by glycerol application (Figure 4b ) but the plants were significantly taller in the GL BC treatment compared with cold storage and GL AC (Figure 4c ). Development of VBs was delayed by glycerol application either before or after cold storage ( Figure 4d ). However, plants developing from glycerol-treated bulbs produced more flowers per stem than the control plants, particularly when the application was performed before cold exposure (Figure 4e ). At the end of the season, bulbs that were dipped in glycerol before cold exposure preserved significantly more scales than bulbs from the other treatments ( Figure 4f ). Figure 5 illustrates the effect of glycerol applications on plant development over time. The glycerol-treated bulbs Blue and red shading denotes decrease or increase, respectively, of the metabolites following cold exposure. Yellow shading denotes metabolites which are higher in large bulbs compared with small ones and lower after cold exposure. Different letters represent significant differences (P < 0.05) in each bulb size group. Cold: 6 weeks at 4°C; heat: 2 weeks at 32°C. Anti-vernalization was tested by exposing the bulbs to 32°C for 2 weeks before 6 weeks at 4°C (vernalization). Yellow shading denotes metabolites that were lower following cold exposure and higher following heat exposure. Different letters represent significant (P < 0.05) differences between treatments.
sprouted later and their shoots grew slower than those which sprouted from cold-treated bulbs. The inhibitory effect of glycerol was stronger in GL BC treatment, compared with GL AC. Glycerol application before cold treatment (GL BC) also inhibited floral transition in more than 50% of plants (data shown later in Table 4 ), so that Control: Bulbs were exposed to 4°C for 6 weeks (cold storage). GL AC: glycerol application after cold storage; GL BC: glycerol application before cold storage; VB: visible buds. Bars represent standard deviation (n = 15), with average values above them.
the plants remained in a vegetative state as late as 150 days after planting ( Figure 5 shows their state at 84 days) a time point by when all corresponding cold-treated plants had already flowered. Table 4 presents the physiological consequences of GL BC treatment on 16 cm bulbs and SRBs. Within the large bulb group, plants that remained vegetative after the GL BC treatment were not taken into account, with analyses only being performed on reproductive plants. GL BC did not compensate for scale removal in any of the parameters, with the exception of plant height, but reduced the abortion rate in cold-treated SRBs from 37.5% to 0. In large bulbs, GL BC treatment had a similar effect (abortion rate was reduced from 22.2% to 0), but it also inhibited floral transition in more than half of the plants (56.25%, Table 4 ).
The levels of primary metabolites were determined in SRBs, large and small bulbs which were exposed to several treatments of temperatures and glycerol. The results were combined into a heat map (Figure 6 ). A hierarchical clustering analysis (horizontal) yielded a clear grouping by cold treatments. The non-cooled treatments (0w) appeared in a separate branch than all cold treatments. Within the 0w group, small bulbs (10 cm and SRB 16-10) were separated from the large ones (16 cm). The GL BC treatment appears in the heatmap near the non-cooled treatments, although these are large bulbs which were exposed to 6 weeks of cold after the glycerol application.
A calibration curve of known glycerol concentrations enabled us to evaluate the natural glycerol content in lily scales in the presence and absence of cold exposure of the bulbs. Glycerol levels were reduced to 40% of their starting levels following imposition of cold ( Figure S4 ).
Lipids detected by metabolite profiling are displayed in Figure S5 . Cold exposure led to higher lipid intensity in large bulbs. Glycerol application to the bulbs before cold exposure (GL BC) did not significantly affect lipid levels compared with cold-treated bulbs, except for the levels of triacylglycerols (TAGs), whose levels decreased (Figures S5 and 7) . Lipid profiles of SRBs after cold treatments were similar to those of large bulbs ( Figure S5a,b) . In small bulbs, a decrease in the intensity of several lipid groups, e.g., diacylglycerol (DAG), TAG, and phosphatidylinositol was observed following cold exposure, and other groups were increased by cold as they were in large bulbs and SRBs ( Figure S5b ).
Transcriptome analyses
Principal component analysis. In order to visualize how gene expression was affected by glycerol treatment, a principal component analysis (PCA) of genes whose expression was detected in scales and leaves from lily bulbs treated or not with glycerol was performed (Figure 8 ). This test revealed a major clustering derived from the different tissues, scales, and leaves. Within the scales group, an obvious distinction was also observed between glycerol or water (control) treatments. Within the leaves, data were clustered according to the developmental stage, vegetative (V) or reproductive (R). Among leaves at the vegetative stage, a separation could be seen between glycerol-treated and control plants.
For scales, the difference between the groups could only be attributed to the glycerol treatment. Leaves were sampled at two different developmental stages, vegetative and reproductive and within the vegetative plants; one group consisted of plants whose bulbs were not submitted to either cold or glycerol, while the second group consisted of plants submitted to both cold and glycerol. In other words, within the leaf samples, both developmental stage and bulb treatments could account for variation in the PCA analyses. The main clustering within the leaf samples was obviously due to the developmental stage of the plants. Leaf samples from vegetative plants, whether developing from non-cooled bulbs (group 1) or from bulbs exposed to cold and to glycerol (group 2), were not very different one from the other (Figure 8 ). Within the vegetative plants, we could distinguish between group 1 and group 2, although these two groups were rather close. As the main effect of glycerol in terms of gene expression was observed in the scales, we decided to concentrate further analyses on the scales only.
Gene ontology and enrichment analyses. Out of 45 689 transcripts, c. 4500 showed a significant difference in expression between the glycerol-treated scales and the control ones (the difference was at least 1.5-fold, P < 0.05). This set of genes was used for enrichment analysis ( Figure S6 ).
From level 1 Gene Ontology (GO) 'Biological Process', transcripts were distributed in 17 GOs at level 2, out of which, 7 were enriched ( Figure S6 ): Metabolic process GO:0008152 (~31%), Cellular process GO:0009987 (~28%), Response to stimulus GO:0050896 (~14%), Localization GO:0051179 (~12%), Regulation GO:0050789 (~7%), Biological regulation GO:0065007 (~4.5%), and Signaling GO:0023052 (~3%). Level 3 GOs were enriched regardless of the enrichment of their parenting level 2 GOs. GO levels 4 to 8 were arbitrarily grouped by functions. It is obvious that metabolism was the main function within these levels. The transport function became noticeable from level 6.
As previously described, glycerol application to the bulbs induced developmental slow down, expressed as a delay in sprouting. Therefore, we selected specific enriched GOs related to growth and development (Figure 9a ). When looking at the genes within these GOs, we observed that, in almost all cases, expression was upregulated in GOs related to growth inhibition and downregulated in GOs related to growth enhancement (Figure 9b) .
Expression of specific genes. In a previous study, we dissected gene expression patterns induced as a result of cold exposure in the meristems of the same lily cultivar used here (Villacorta-Martin et al., 2015). As glycerol application has an opposite effect than cold on lily development, it was tempting to compare the differential expression of specific genes related to flowering or dormancy following glycerol treatments to their expression in the meristem during cold exposure (Table 5 ). The expression of the LlFT, AP1-like and the RAV1-like genes contrasted between these two conditions (cold exposure and glycerol treatment). The LlNCED gene, related to dormancy (Mojtahedi et al., 2015) , was not expressed in the meristems and its expression in the scales increased by almost 40 as a consequence of glycerol treatment in bulbs (Table 5) .
DISCUSSION

What is a small bulb?
In a previous study, we demonstrated that bulb size is associated with the flowering pathway in lily, and showed that vernalization was an obligatory requirement in large bulbs, while non-cooled small bulbs could flower under LD (Lazare and Zaccai, 2016) . These and other findings concerning inflorescence development (Kim et al., 2007; Rees, 2012) exposed an essential difference between large and small bulbs, but the nature of this difference remained unclear. As large bulbs are in fact small bulbs that reached a bigger size during plant growth (Figure S1b) , the difference between the two groups could have been attributed to their growth stage. In the current study, we clearly demonstrate that the bulb's final size, independently of its physiological age, determined this difference: a large bulb Figure 9 . Enrichment of selected GOs and expression trend (up-or downregulation) of the genes belonging to these GOs showing a significant (P < 0.05) fold change of at least 1.5 in the glycerol-treated compared with water-treated bulbs. reduced to a smaller size by outer scales' removal (SRB) fundamentally behaves like a natural small bulb (Figure 2 ; variation between these two groups will be discussed below). This discovery, together with the fact that scales of large bulbs are heavier than those of small ones (Figure S1c) motivated further investigations on the metabolic composition of lily scales.
The lily scale metabolome
Metabolite accumulation typically occurs in underground organs of geophytes (Khodorova et al., 2010; EvangelistaLozano et al., 2015; El-Bably, 2016) , reflecting the storage function of these tissues (Miller, 1992; Ziv and Naor, 2006; Ruamrungsri et al., 2010) . Previous metabolite profiling of bulb scales focused on carbohydrates and their energetic impact on plant development. Among tulip-type species, where floral transition and differentiation occur inside the bulb (Kamenetsky et al., 2012) , the underground reserves have a critical influence on flower development. Among the lily-type geophytes, however, floral transition occurs while photosynthesis is already taking place in unfolded leaves, implying that the apical meristem is not entirely dependent on the bulb's reserves for energy. Therefore, we assumed that a different type of metabolite accumulation would be found in the lily bulb, enabling it on the one hand to delay flowering time to the optimal season (after cold), and on the other hand to fuel sprouting and early vegetative establishment. A comparison among noncooled bulbs of different sizes revealed a significant difference in the metabolic profiles of large and small bulbs ( Figure S2 ). As the bulb increases in size, there is a gradual accumulation of polyols and carbohydrates, as would be anticipated given the storage function of the bulb, along with a gradual degradation of lipids and amino acids. Many studies demonstrated natural variation in metabolite profiles of different varieties and organs among a specific species, but less attention was payed to lipidomics (Tenenboim et al., 2016) . We have found that glycerolipids which compose the plastid membranes (Boudi ere et al., 2014), together with other membrane lipids, such as PC, PS and PE (Welti et al., 2002) , accumulate in very small bulbs, and their level decreases gradually with bulb growth ( Figure S3 ). Among glycerolipids, MGDG, DGDG and SQDG accumulate mostly in their saturated forms, while PG was found in its low saturated forms. PG is the building block of cardiolipin -the major lipid composing the inner mitochondrial membrane (Pineau et al., 2013) . The fluidity of this membrane is crucial for mitochondrial metabolism, and the low saturated forms enable this trait (Lazare et al., 2017) . TAG and diacylglycerol (DAG) show a similar pattern of lower levels in larger bulbs, compared with small ones, but also an interesting switch when the bulb grows from size 12 to size 16, in line with their storage function (Turchetto-Zolet et al., 2011). The high levels of most lipids detected in smaller bulbs may as such underline the plethora of development processes requiring plastid production, taking place at that stage, while larger bulbs focus mainly on their storage role -a fact reflected by high carbohydrate levels ( Figure S2 ). This hypothesis finds further support from the faster sprouting of small bulbs, in comparison to large ones, observed in our study (Figure 2 ). Highest fold change between no cold exposure and 2, 5, 7 or 9 weeks of cold exposure. Data retrieved from transcriptome analyses of L. longiflorum bulb meristems exposed to cold (78).
More rapid sprouting is induced by cold exposure in both small and large bulbs. Accordingly, in large bulbs and in SRBs, an accumulation in all detected lipids was observed after cold treatment. However, in small bulbs, a variation among lipid groups accumulation was apparent after cold. This discrepancy between the two bulb groups may stem from the difference in the amount of storage carbohydrates that they contain. In large bulbs, these are found in great quantity providing the energy required for sprouting (Benkeblia et al., 2002; Shin et al., 2002) . Small bulbs, however, contain much less carbohydrates and may rely on their storage lipids such as TAGs and DAGs in order to fuel sprouting, explaining the decrease in these specific lipids only in small bulbs ( Figure S3) .
Analyses of SRBs clearly revealed the critical role of the outer scales in lily plant development. When the outer scales of large bulbs were removed, the bulb 'behaved' as if it were a small one, sprouting faster ( Figure 2a ) and flowering through the photoperiodic pathway in the absence of cold (Figure 2e) . Moreover, the effects of scale removal were observed even when the size of the reduced bulb was 12 cm, a circumference belonging to the large bulb group! Hence, we conclude that the outer scales, rather than the overall circumference of the bulb, are mostly responsible for the physiological differences observed in this study between large and small bulbs. Therefore, the metabolic difference between outer and inner scales seemed as an important hallmark to investigate and this issue will be addressed in more detail in the next section.
Glycerol affects lily development
Glycerol, also called glycerin, is a primary metabolite of the plant kingdom (Perri et al., 2012) and, as such, is synthesized by most plant species (Pichersky and Lewinsohn, 2011) . Glycerol is a polyol that can be produced either through glycolysis or as a product of photosynthetic carbon fixation (Gerber et al., 1988) . The function(s) of glycerol in plant biology are still not totally clear, but previous studies have suggested roles for it in root development (Hu et al., 2014) , somatic embryogenesis (Bellettre et al., 2001; Wu et al., 2009; Couillerot et al., 2012) , abiotic stress response (Eastmond, 2004; Chen and Jiang, 2010) and the plant immune system (Chanda et al., 2011; Li et al., 2016) .
Glycerol is a major precursor of the main lipids comprising plastid membranes (Boudi ere et al., 2014) and is also a backbone of storage lipids (Simpson and Ohlrogge, 2016) . In our study, glycerol was one of the few metabolites exhibiting significantly lower levels in non-cooled small bulbs compared with large ones (Table 2) , coupled with a significant decrease after cold exposure (Table 3) . In other words, lower amounts of glycerol were associated with faster plant sprouting and we therefore selected this specific metabolite as a candidate for further research. Metabolite analysis revealed that the level of glycerol is higher in the outer scales of non-cooled large bulbs than the inner scales of non-cooled large bulbs, the outer scales of non-cooled small bulbs and the outer scales of coldtreated large bulbs (Figure 3a) . This feature could provide an explanation to the fact that SRB 16-12 sprouted and reached stem elongation faster than natural 12 cm bulbs, and even flowered without cold exposure. A 12 cm bulb includes outer scales, in which glycerol accumulates. In contrast, reducing the size of a bulb by scale removal means that glycerol-rich outer scales are exclusively removed, leaving a small bulb mostly composed of glycerol-poor inner scales. Taking into account the effect of glycerol on lily development, this discrepancy in the composition of a natural 12 cm bulb versus SRB 16-12 could provide a reason for the faster development of SRB 16-12.
We also observed that the level of glycerol in lily bulbs was increased by heat (Figure 3b ). The pattern of glycerol accumulation under high temperatures has previously been observed in the context of plant acclimation to heat stress (Arbona et al., 2013) . In lily, exposing the bulb to heat delays its sprouting (Wang and Roberts, 1970) , which is in keeping with our results (Table 1) . High temperatures, either before vernalization or afterwards (anti-or de-vernalization), generally reduce the effect of cold exposure in lily plants (Miller, 1993) , and this was also proven in our study (Table 1) . In order to validate the candidacy of glycerol as a major metabolic factor influencing lily development, we tested the effects of its exogenous application to the bulbs. The results were unambiguous; glycerol-treated bulbs developed as if exposed to anti-or de-vernalization conditions; their sprouting was delayed or even canceled, and many plants remained in the vegetative state even following cold exposure before planting (Figure 4) . In this context, it is interesting to compare the timing of glycerol application with respect to the cold treatment. Glycerol affected plant development both when applied before or after cold treatment, yet its impact was much greater when applied before cold exposure ( Figure 5 ). We suggest that glycerol hinders several metabolic pathways usually enhanced during cold exposure, such as complex carbohydrates degradation and amino acid accumulation (Lazare et al., 2017) . However, for reasons that were not apparent from the current study, when applied after cold exposure, the metabolic consequences of glycerol application are lesser.
It seems as if glycerol is the servant of two masters, on the one hand it delayed sprouting and inhibited floral transition, while on the other hand the treated plants were taller, and reproductive plants had more flowers per stem and these flowers were less prone to abortion (Figure 4) . These data collectively and clearly indicated that glycerol plays a critical role in L. longiflorum development.
Transcriptome analyses
Gene expression analyses of lily scales and leaves following glycerol application to the bulbs, by PCA, revealed a major clustering between the two tissues (Figure 8) , which was rather expected considering the anatomical and functional differences between them. Within scales, separation of glycerol-treated and control scales indeed reflected that glycerol application induced substantial transcriptional variation. We observed very little distance between the two groups of leaves at the vegetative stage, which were derived either from non-cooled bulbs or from cooled bulbs treated with glycerol (Figure 8 ). This feature emphasizes the phenomenon of reversion of the cold effect on flowering by glycerol (Table 4) . GOs related to 'Metabolic Process' were dominantly enriched in the glycerol-treated scales ( Figure 9 , level 2, enriched genes). This was expected in view of the lily bulb function as a storage organ, in which reserves undergo multiple metabolic modifications (Lazare et al., 2017) . Similar results were obtained in other Lilium bulbs exposed to cold (Wang et al., 2014b) , or abiotic stress (Wang et al., 2014a) . Similarly to 'Metabolic Process', 'Cellular Process' was greatly represented at level 2, but its level 3-derived GOs were not enriched. 'Metabolism' remained the dominant class in GO levels 4-8, illustrating again the major type of effect glycerol has on lily scales.
Glycerol-treated bulbs showed significant delay in sprouting, a feature reminiscent of the lingering developmental processes linked to dormancy. GOs related to developmental processes were enriched following glycerol application (Figure 9a ). Within these GOs, the pattern of gene expression (Figure 9b ) was in line with the observed developmental retardation of glycerol-treated bulbs (Figures 4 and 5) . This phenotype reminds the developmental retardation linked to dormancy (Debieu et al., 2013) , hinting that glycerol application may share processes with this mechanism.
Glycerol applied to bulbs before planting affected their development for many months afterwards, with specific inhibition on flowering. This outcome is the opposite of the promoting effect of bulb cold exposure on flowering. In the present study, as glycerol was applied before cold exposure and this treatment was compared with cold exposure alone, we are in fact witnessing some kind of obstruction or reversion of cold exposure by glycerol at the bulb phase. LlFT is known to have a promoting effect on lily flowering: its overexpression enhanced flowering in non-cooled lily plants developing from small bulbs (Leeggangers et al., 2017) and its expression is upregulated in the meristem during cold exposure (Table 5) , hinting at its function in granting the meristem the competence to flower (Leeggangers et al., 2017) . Similarly, the expression of an AP1-like gene, also potentially involved in flower induction in lily (Chen et al., 2008) , was highly upregulated during cold. Conversely, the expression of the same genes decreased as a consequence of glycerol treatment, even though bulbs were exposed to 6 weeks of cold. In addition, the expression of the RAV1-like gene, a domain identified with flowering inhibition (Hu et al., 2004) , followed the inverse pattern. These results add a molecular dimension to the response of lily flowering to glycerol and it may be assumed that these genes are involved in the regulation of flowering by glycerol.
The expression of the LlNCED gene, involved in dormancy regulation in Lilium (Mojtahedi et al., 2015) was greatly enhanced by glycerol treatment. This fact may explain the sprouting delay and inhibition in heat-treated bulbs (Table 1) , where high level of glycerol was detected (Table 3) .
A concluding model for glycerol's suggested that function in lily plants is represented in Figure 10 . Its natural biosynthesis by heat and degradation by cold were proved in this study (Tables 2 and 3 ). An array of physiological responses to increased glycerol levels, either endogenously (in large bulbs) or through exogenous application, is presented in this study and previous ones (Lazare and Zaccai, 2016; Lazare et al., 2017) . These effects include delay or inhibition of sprouting and flowering, increase in plant height, number of flowers per stem, number of daughter bulbs per plant (bulb axillary meristems) and flower size, and decrease in abortion rate. Promising candidate genes are proposed here as molecular mediators of these phenomena (Table 5) .
We suggest that endogenous glycerol levels affect lily development throughout the plant's growth cycle: small bulbs contain low levels of glycerol in their scales, which enables their sprouting soon after breakage of apical dominance. They then produce leaves and flower in autumn, after LD induction (Lazare and Zaccai, 2016) . This strategy increases the plants reproductive chances, as most of small bulbs cannot complete flower development after cold exposure due to flower abortion. Larger bulbs accumulate glycerol in their scales, which helps these cope with abiotic stresses during summer, possibly via osmotic adjustment mechanism. Sprouting is delayed but, as glycerol is gradually degraded by cold during winter, flowering will occur in the spring, the optimum season, with more flowers and seeds.
The question as to why small bulbs produce less glycerol remains open. One possible explanation may lie in the fact that glycerol is synthesized via glycolysis, and its precursor À glycerate-3-phosphate À participates in a range of other metabolic pathways as well. It is conceivable that these pathways might be more functionally important to the small bulb, but this remains to be tested.
In summary, our study exposes the role(s) of glycerol within the lily growth cycle, from sprouting to blooming, and marks it as a lead actor in the fascinating play that is flowering. It additionally suggests an easy practice for the improvement of lily cultivation, in which small bulbs would be treated with glycerol and submitted to cold exposure. This way, the double goal of faster flowering and reduction in abortions could be achieved in a facile, noncostly manner.
EXPERIMENTAL PROCEDURES Plant material and treatments
Bulbs of L. longiflorum, cv. 'White Heaven' were harvested in July to August 2015 from a commercial field in Be'erotaym, Israel. Each experiment was comprised of bulbs that were harvested at the same day, from the same field. All measurements were taken from distinct samples. Bulbs were sorted by their circumference. Removal of outer scales from 16 cm bulbs to produce bulbs of 12, 10 or 8 cm, or from 12 cm bulbs, to produce bulbs of 10 or 8 cm was carried out manually (see Figure 1 for illustration of outer and inner scales). All bulbs were sanitized by dipping in a 0.2% solution of Merpan TM for 10 min and then placed in vermiculite in the dark at 25°C. Cold treatments were also performed in vermiculite in the dark, at 4°C for 0, 3, 6, or 9 weeks. The anti-vernalization treatment consisted of 2 weeks' exposure of the bulbs at 32°C before cold treatment and the de-vernalization treatment consisted of 2 weeks at 32°C of the bulbs after cold treatment.
Exogenous application of glycerol was performed by dipping the 12 cm bulbs in a 50% (v/v) solution for 10 min, prior to cold exposure. As a control, bulbs were dipped for 10 min in tap water.
Growth conditions
Following the temperature treatments described above, all bulbs of each experiment were planted at the same day in a mix of peat and vermiculite (1:1, v/v). The plants were grown in a temperature-controlled greenhouse in Beersheva, Israel. During the entire growing season, a temperature averaging 27.4°C AE 2.96 (above vernalization spectrum; Weiler and Langhans, 1968) was applied. Long day (LD) conditions were applied using incandescent light bulbs (16:8 h light:dark).
Metabolite profiling
For metabolic analyses, tissues (whole bulbs or separate scales, depending on the exact experiment) were sampled immediately after the temperature treatments, at planting time. Each treatment comprised eight replicates, consisting of three bulbs each. Each replicate was ground in a blender and directly frozen at À80°C until use. The MTBE method was used to extract metabolites (Giavalisco et al., 2011) . Polar phases were analyzed by gas chromatography-mass spectrometry (GC-MS) for primary metabolites profiling, while lipidomic analysis by UPLC-MS using a C18-column, was performed for organic phases. All metabolic analyses were carried out at the Max Planck Institute of Molecular Plant Physiology, Golm, Germany. Metabolite derivatization for GC-MS analysis was carried out as previously described (Lisec et al., 2006 ). An Agilent 7683 series auto-sampler (Agilent Technologies, http://www.home.agilent.com), together with an Agilent 6890 gaschromatograph-LECO Pegasus II time-of-flight mass spectrometer (Leco, http://www.leco.com) were used to obtain GC-MS data. Chromatograms (from Leco CHROMATOF software, version 3.34) were first transferred to the R software, then the TargetSearch package from Bioconductor (Cuadros-Inostroza et al., 2009) was used for ion extraction, peak detection, retention-time alignment, and library searching. Polar metabolites were subsequently annotated by means of matching mass spectra and retention times to a library of standards (Golm Metabolomic Database) (Kopka et al., 2005) .
Lipids analyses were performed using an Exactive Mass Spectrometer (Thermo-Fisher, http://www.thermofisher.com) with altering full scan and all-ion-fragmentation scan mode, comprising a mass range from 100 to 1500 m/z for acquiring positive and negative ionization modes mass spectra, recorded from 1 to 17 min of the UPLC gradients.
A REFINER MS 10 (GeneData, http://www.genedata.com) was utilized to process the chromatograms for peak detection and integration. While processing data obtained from mass spectrometry, removal of fragmentation information, isotopic peaks, and chemical noise were performed. An internal lipid database was used to annotate specific features.
RNA-seq analyses
Total RNA was extracted from grinded scales from bulbs soaked either in water or in a 50% (vol/vol) solution of glycerol for 10 min and then submitted to 6 weeks at 4°C. Samples were taken immediately after the cold treatment. Bulbs that underwent these treatments were further planted in the greenhouse under LD conditions, and their leaves were sampled either at the vegetative stage (as confirmed by the meristem morphology, observed using a stereo microscope; Stemi 2000C, Zeiss, Germany), or at the VB buds stage. Leaves from plants that were treated neither with cold nor with glycerol were sampled as well, at a vegetative stage. RNA extraction from the scales was performed using TriReagent (Sigma-Aldrich), following the manufacturer's protocol, followed by RNA cleaning using the RNA Clean & Concentrator kit (Zymo Research) and RNA extraction from the leaves was performed using the ZR Plant RNA MiniPrep Kit (Zymo Research). DNase treatment (Zymo Research) was applied to all samples.
For scales, each sample consisted of three bulbs grinded together and there were two replicates for the control (bulbs soaked in water) and four replicates for the glycerol treatments. For leaves, there were three treatments: one consisting of plants developing from cooled bulbs soaked in water, the second consisting of plants developing from cooled bulbs soaked in glycerol, and the third consisting of plants from non-cooled bulbs soaked in water (for more details, see section 'Plant material and treatments'). Each sample comprised leaves from three different plants grinded together and there were three replicates.
Sequencing was performed on an Illumina HiSeq3000 machine at the Max-Planck-Genome-Centre Cologne (http://mpgc.mpipz. mpg.de/).
Bioinformatic analysis was performed by the bioinformatics core facility at the National Institute for Biotechnology in the Negev (NIBN), Ben-Gurion University.
The transcriptome assembly was conducted with reads sequenced from the 15 samples described above, 12 additional samples from lily leaves from another experiment, and reads from a previous study in Lilium longiflorum (Villacorta-Martin et al., 2015) (BioProject accession PRJEB6959). Trinity version 2.5.1. (Grabherr et al., 2011) was used for de novo assembly as well as for reference alignment (using Bowtie2; Langmead and Salzberg, 2012) and for read counting per transcript per sample (with RSEM; Li and Dewey, 2011) . Selection of a representative isoform per gene was done using scripts from the Trinity package.
The reads from all samples were quality trimmed with Trim Galore! version 0.4.2 (https://www.bioinformatics.babraham.ac.uk/ projects/trim_galore/) (parameters: -length 50 -quality 20 -max_n 1 -trim-n), merged, and assembled de novo using Trinity version 2.5.1. (Grabherr et al., 2011) (parameters: -length 50 -quality 20 -max_n 1 -trim-n), and the resulting 1820 million reads were assembled de novo with Trinity while setting the min_kmer_cov parameter to 2 and removing contigs shorter than 200 bp. The resulting assembly contained 766 881 transcripts forming 428 130 transcript clusters (referred to as 'genes'). The most abundant transcript for each gene was selected by mapping all reads to the transcriptome using align_and_estimate_abundance.pl, creating normalized counts tables with abundance_estimates_to_matrix.pl and selecting the most abundant transcript with filter_low_expr_-transcripts.pl. The resulting set of 428 130 'gene representatives' was further filtered to only include genes expressed in the current experiment. To this end, reads from each sample of the current experiment were aligned to the set of 'gene representatives' and the numbers of aligned reads per transcript per sample were quantified. Transcripts Per Million (TPM)-normalized expression values were used to select 'expressed genes' such that transcripts with a TPM value larger than 1 in at least two samples in at least one treatment group were retained. The resulting 'reference transcriptome' contained a total of 45 689 transcripts.
The reference transcriptome was analyzed for completeness with BUSCO version 3.0 (Simão et al., 2015) , using the embryophyta_odb9 database as reference. 76.3% of the BUSCOs were found in the transcriptome: 73.9% in single copy and 2.4% duplicated.
Functional predictions for this dataset were carried out by BLASTX searching against RefSeq protein database (Dec 22, 2017) (parameters: -outfmt 5 -evalue 1e-3 -word_size 3 -show_gis -num_alignments 20 -max_hsps 20). BLASTX results were used in conjunction with BLAST2GO to retrieve GO assignments for the transcripts.
Functional annotation of the reference transcriptome was carried out using Trinotate version 3.1.1 (https://trinotate.github.io/) and with BLAST2GO software (see next section). The Trinotate workflow analyzed both the transcript sequences and their conceptual translations was as follows: BLASTX of the transcript sequences was performed against UniProt/SwissProt (Dec 14, 2017) and RNAMMER (Lagesen et al., 2007) version 1.2 was used to predict ribosomal transcripts. In parallel, coding regions were predicted using TransDecoder (http://transdecoder. github.io) version 5.0.2, and the resulting 36 451 predicted protein sequences were submitted to a BLASTP search against UniProt/SwissProt. Hmmer (Eddy, 1998) version 3.1b1 was used to scan the predicted proteins for matches in PFAM. Finally, GO, eggNOG, and KEGG annotations were added based on results of the above searches. Parameters for the programs were set as specified in the Trinotate webpage (https://trinotate. github.io/).
For statistical analysis, reads from each sample of the current experiment were aligned to the reference transcriptome and quantified. Raw read counts (average of 14.5 AE 0.9 read pairs per sample) were submitted to DESeq2 (Love et al., 2014 ) version 1.18.1. For PCA, counts were normalized and subjected to variance stabilizing transformation (VST). For differential expression analysis, assuming a negative binomial distribution of the data, counts of the scale samples only were tested for the glycerol effect using the DESeq function, and P-value, FDR-adjusted P-value, and fold change were calculated. Fold change was presented in a linear scale such that positive or negative signs indicated up-or downregulation, respectively. Genes with FDR-adjusted P-values <0.05 and absolute fold change >1.5 were considered to be differentially expressed.
PCA analysis was performed using the Partek â Genomics Suite â . GO enrichment analysis. Out of~45 000 transcripts (21 358 mapped),~4250 (2315 mapped) showed a significant difference in expression (at least 1.5-fold change, P < 0.01, adjusted P < 0.05) between scales from bulbs soaked in glycerol and scales from bulbs soaked in water. This set of genes ('pass list') was used for enrichment analysis with the BLAST2GO 5 PRO software. Enrichment Analysis (Fisher's Exact Test) analysis function was used. The 'pass list' represented the test list and the whole transcriptome was defined as the Reference List, using a cutoff of P < 0.05 (one side test) for the 'Biological Process' category. Double transcripts were removed.
For BLAST2GO, a BLASTX (Altschul et al., 1997) search was performed against the RefSeq protein database (Dec 22, 2017) using the parameters: -outfmt 5 -evalue 1e-3 -word_size 3 -show_gis -num_alignments 20 -max_hsps 20).
Statistical analyses
JMP software was used to carry out ANOVA analyses. Tukey-Kramer test was used to estimate the differences between treatments at P ≤ 0.05 (two-tailed). R software was used for descriptive statistical analysis. Heatmaps were produced using the R package 'gplots' (Warnes et al., 2016) . Standard deviations were calculated using EXCEL.
Data availability
Data are available upon request to the corresponding author.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . Effect of bulb size on (a) bulb weight, (b) scales quantity and (c) single scale's weight (calculated by dividing bulb size by number of scales) in L. longiflorum, cv. White Heaven. Figure S2 . Intensity of primary metabolites in lily bulbs of different sizes that were not exposed to cold. Metabolites were grouped according to their intensity range: (a) 500 000 < X < 2 000 000. (b) 100 000 < X < 500 000. (c) 50 000 < X < 100 000. (d) 15 000 < X < 50 000. (e) 5000 < X < 15 000. (f) X < 5000. Bulb sizes, circumference: S-2: small, 2 cm. S-9: small, 9 cm. L-12: large, 12 cm. L-16: large, 16 cm. Figure S3 . Intensity of lipids in lily bulbs of different sizes that were not exposed to cold. Lipids were grouped by classes. Bulb sizes, circumference: S-2: small, 2 cm. S-9: small, 9 cm. L-12: large, 12 cm. L-16: large, 16 cm. Figure S4 . Calibration curve of known glycerol concentrations and the calculated levels of glycerol in scales of non-cooled and coldtreated lily bulbs. L: large. 0, 6: weeks of cold exposure (4°C). Figure S5 . Gene Ontology (GO) and enrichment analyses of gene sets from glycerol-treated scales. Genes are grouped according to their GO derived from 'Biological Process' at level 1. Enriched GOs are framed in red in level 2 and are written in red in level 3. In level 2, the numbers in parenthesis represent the number of genes with a significant (P < 0.05) fold change (FC) of at least 1.5-fold change values are represented in color. Figure S6 . Effect of cold exposure, bulb size and glycerol application on lipid intensity in lily bulbs. (a) Large bulbs (size 16); (b) small bulbs (size 10) or SRBs (size 16 to size 10). L: large bulb; S: small bulb; SRB: scale removed bulb; 0, 6: weeks at 4°C; GL BC: glycerol application before cold. Lipids were grouped by class.
